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Abstract 

Title:  Specialized Distributed Hardware Design for Real-Time Atmospheric 

Turbulence Mitigation Error Correction Calculation 

Author: Subhadra Subramanian 

Advisor: Fareena Saqib, Ph. D. 

This thesis demonstrates an approach to solve execution challenges of Image 

processing of an Atmospheric turbulence mitigation technique in real-time. An 

atmospheric turbulence mitigation technique is used to eliminate the aberrations 

caused by turbulence in the images. The error calculation is a mathematically 

intensive process, that includes Fast Fourier Transform (FFT) to convert the image 

from the spatial domain to the spatial frequency domain. The FPGA based 

hardware accelerator design and architectures are investigated in this work to 

perform Fast Fourier Transform and error calculations in real-time, defined as 

30Hz. A scalable and parallel platform is designed to execute the arithmetic 

operations in high-speed using a distributed system. The execution process is 

spread among multiple hardware devices that implements a pipeline technique to 

achieve faster throughput.  Using the distributed network design of the hardware 

accelerators, the error correction calculation is computed with better speed than 

the system with single-hardware device. 
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  1 Chapter  
Introduction 

Atmospheric Turbulence affects the quality of images that are captured by 

any earth-bound telescopes and satellites from space. Even though, the growth in 

processing technology has improved the quality of images by increasing the spatial 

resolution, the atmospheric environment between the satellite and earth limits its 

resolution. Atmospheric turbulence is a continuous random fluctuation in the index 

of refraction due to variations in temperature and wind speed. In this thesis, an 

approach, which provides an Atmospheric Turbulence Mitigation Technique [1] 

error correction calculation is designed in hardware using reconfigurable FPGAs. 

Field Programmable Gate Arrays (FPGA) is an array of programmable logic that can 

be programmed in field using a Hardware Description Language (HDL). Distributed 

and pipelined architectures are investigated in this work. 

1.1 Problem Statement 

The error calculation process demands a real-time processing system that 

can operate on large amounts of digital image data within a target frequency of 30 

HZ. Hardware based architectures are investigated to develop specialized hardware 

accelerators in the image processing process to meet the real-time requirements. 

1.2 Atmospheric Turbulence Mitigation 

A hardware based error calculation component in an incoherent optical 

imaging model is investigated in a linear, shift-invariant system to describe a passive 

imaging model. In this approach, a near-field turbulence model is considered in 

which the strongest turbulence is in the near-field of the optical imaging system. A 
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telescope that is viewing objects in space from Earth’s surface is a good example of 

near-field turbulence model. The near-field turbulence has only phase aberrations 

which are modeled as phase aberrations in the entrance pupil of the imaging system. 

An entrance pupil plane phase estimate is generated using Zernike polynomials with 

an initial assumption of 2-D phase. The Generalized Pupil Function (GPF) is then 

formed which is a 2-D Fourier Transform of the optical system impulse response. 

The Point Spread function (PSF) is the magnitude squared of the impulse response. 

An error metric equation is applied to calculate the Optical Transfer Function (OTF). 

The inverse of the OTF is then applied to the image spectrum to remove the 

atmospheric turbulence. 

1.3 FPGA Based Accelerators 

The effectiveness of the overall design depends on the selection of hardware 

and DSP algorithm and use of the hardware resources. FPGAs are an efficient digital 

image processing hardware accelerators that are run-time reconfigurable with high-

speed concurrence execution [9]. Hardware multipliers have yielded to run DSP 

applications on FPGA. These embedded multipliers are dedicated hardware for DSP 

logics and provides execution in parallel. They prove to be potential Image 

processing hardware system, by outperforming DSP Processors on many occasions. 

With integration of on-chip Block Memory to store image data, the entire design can 

be programmed in Program Logic (PL) side. Each Block RAM is 36kbit in size and 

it offers integration of memory for storing larger data size.  

Hardware acceleration is use of hardware to perform functions particularly 

mathematical operations to improve processing speed and efficiency. Because 

of their abundant resources, FPGAs are desirable system for designing customized 

accelerator for application specific tasks. A general-purpose CPU needs to be 

upgraded to high performance components or increase the clock frequency to 

achieve high speed output.  
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Serial Peripheral Interface (SPI) is a communication protocol for data 

transmission between hardware peripherals. It is a full-duplex system, all the 

devices are controlled by Master and the devices executing the commands are 

Slaves. It is a single master communication where the FPGA can send data from one 

Master to selective slave in Master-Slave mode. It is best opted for applications 

involving data transmission over short distance. It is best used in embedded 

systems, sensors, hand held video games and SD cards.  

The FPGA is configured using Hardware Description Language, VHDL 

(VHSIC Hardware Description Language) that defines its structure and behavior 

without actually designing the hardware (digital logic circuits) [9]. The Digital 

design is combination of logic circuits placed on Integrated circuit on hardware. The 

design can be changed during run-time when required, thus allowing design 

flexibility. The proposed design is implemented on Xilinx ZedBoard, a Zynq 7000 

based development board. Xilinx Vivado design Suite is the software chosen to 

synthesis and verify the design.

1.4  Organization

This thesis has 6 chapters. Following the introduction, Chapter 2 covers the 

Background Study & Related work. Chapter 2 provides an insight on the existing 

works explaining the important aspects contributing to the design and shortcomings 

in their approach and concludes on a debate on choice of hardware. Chapter 3 

provides the proposed architecture, experimental setup. Chapter 4 provides the 

simulations results and analysis. Chapter 5 explains the computational challenges, 

approaches and conclusion we have drawn from our thesis.  Chapter 6 discusses 

about the future.
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2 Chapter 
Background Study 

Satellites can capture images of objects of interest on the Earth’s surface 

from space and sends them to the receiver aperture at the ground station in the form 

of electromagnetic waves (EM). The EM waves are reconstructed to form 

unaberrated images with the help of digital computers at the Ground station. In a 

well-designed imaging system, the aberrations in the collected images occur due to 

Atmospheric turbulence which in turn results from the uneven distribution of 

temperature and wind shear, which affects the quality of the image that the satellite 

or ground-based telescope is capturing. 

Atmospheric 
Turbulence

FPGA based 
Accelerator

Radio Signal

Digital 
Images

Earth's 
Surface

    

    

    

    

 

Base Station

 

Figure 1 – Example of a Space-based imaging system with ground-based digital 
image procesing
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2.1 Atmospheric Turbulence Mitigation 
Approach 

An incoherent optical imaging model using a linear, shift-invariant systems 

approach is adopted to describe a passive imaging model. 

The optical system model is given by, 

𝒊(�⃗⃗� ) = 𝒐(�⃗⃗� ) ∗  |𝒉𝒊(�⃗⃗� )|
𝟐               (1) 

where, 

𝑖(𝑥 )  is the aberrated image brightness at position 𝑥  due to atmospheric 
turbulence and optical imaging system noise (assumed negligible) 

𝑜(𝑥 ) is the brightness of the 2-D pristine object at 𝑥  

|ℎ𝑖(𝑥 )|
2 is the Point Spread function (PSF) of the imaging system 

aberrations at 𝑥  

𝑥  is the 2-D position vector in the image plane 

∗ represents the 2-D spatial convolution 

A 2-D Fourier transform is applied on both sides of Equation (1) which 

results in the spatial frequency domain transformation that can be seen in the 

Equation (2) below. The Optical Transfer Function is a 2-D Fourier transform of the 

Point Spread Function (PSF).  

𝑰(�⃗� ) =  𝑶(�⃗� ) 𝑯(�⃗� )    (2) 

where 

𝐼(𝑓 ) is the Image spectrum at 𝑓  

𝑂(𝑓 ) is the object spectrum 𝑓  
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𝐻(𝑓 ) is the Optical Transfer Function at 𝑓  

(𝑓 ) is the 2-D spatial frequency variable 

The following figure illustrates the general relationship between the 

important quantities of the incoherent imaging model: 

 

Figure 2 - Relationship between important quantities in the incoheren 
imaging model [2] 

 The Generalized Pupil Function (GPF) is given by taking the complex 

exponential of the entrance pupil plane phase aberrations (assuming near-field 

imaging conditions). When a 2-D inverse Fourier transform is applied on the GPF, 

it gives an impulse response ℎ(𝑥 ). When the impulse response, ℎ(𝑥 ) is magnitude 

squared, the Point Spread Function is obtained, which is represented by 𝑠(𝑥 ). A 2-D 

Spatial Fourier transform is applied to the PSF resulting in the un-normalizes OTF 

which is then divided by its maximum real value to obtain the OTF, 𝐻(𝑓 ). A diversity 

OTF can be obtained in the same fashion by introducing a known phase diversity 

term to the original entrance pupil plane phase estimate. The diversity OTF, 𝐻𝑑(𝑓 ) 

can be used to estimate the diversity image spectrum, 𝐼𝑑(𝑓 ). Alternatively, 𝐼𝑑(𝑓 ) can 

𝑜(𝑥 ) 

  

 

 

𝑂(�⃗⃗� ) 

𝑖(�⃗⃗� ) 

𝐼(�⃗⃗� ) 

S(𝑥 ) 

𝑭𝟐𝑫 𝐹2𝐷
−1 𝑭𝟐𝑫 

𝐻(�⃗⃗� ) 
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be obtained from the measured diversity image brightness. After the OTF, an 

estimate of the diversity OTF, 𝐼(𝑓 ) and 𝐼𝑑(𝑓 ) are formed, an error metric is applied.  

The following figure illustrates the generation of the OTF: 

 

Figure 3 - Mathematical Generation of Optical Transfer Function [2] 

The initial entrance pupil plane phase estimation is iterated and the summed 

error is calculated according to the following error metric, 

𝑬𝒓𝒓𝒐𝒓 𝒎𝒆𝒕𝒓𝒊𝒄, 𝑬(𝒇⃗⃗⃗⃗ ) =  
|𝐈(�⃗� ) 𝐇�̂�(�⃗� ) − 𝐈𝐝(�⃗� ) �̂�(�⃗� )|𝟐

|�̂�(�⃗� )|𝟐+|𝐇�̂�(�⃗� )|
𝟐        (3) 

where 

𝐼(𝑓 ) is the image spectrum at (𝑓 ) 

𝐼𝑑(𝑓 ) is the diversity image spectrum at (𝑓 ) 

�̂�(𝑓 ) is the Optical Transfer Function at (𝑓 ) 

Hd̂(𝑓 ) is the diversity Optical Transfer function at (𝑓 ) 

ℎ(𝑥 ) 

  

 

 

𝐺𝑃𝐹(�⃗⃗� ) 

|ℎ(�⃗⃗� )|2 = 𝑠(�⃗⃗� ) 

 

 

𝐻0(�⃗⃗� ) 

𝑭𝟐𝑫 𝑭𝟐𝑫 𝑭𝟐𝑫 

 

|∗|2 
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2.2 Fourier Transforms 

In general image applications, the digital image data, e.g., pixel values, are 

in the spatial domain. For any image processing applications like filtering, 

enhancement or edge detection, these pixel values are manipulated accordingly to 

produce noiseless image by applying convolution. When image processing on large 

amounts of data is considered with a need of fast manipulation, it becomes more 

difficult to meet requirements through the convolution operation. Instead, the 

image that is in spatial domain are converted to frequency domain by applying 

certain mathematical operators called Transforms. When filter functions are applied 

on the Fourier transformed image data, the convolution operation becomes a simple 

point wise multiplication.  

 

Figure 4 - Convolution to Multiplication 

The Discrete Fourier Transform (DFT) is a mathematical tool that 

decomposes the time domain signal into its equivalent frequency component of 

sinusoidal waves. Fast Fourier Transform (FFT) is a powerful DFT algorithm that is 

capable of operating on much bigger and more powerful filters. The Inverse Fourier 

Transform (IFFT), when applied, produces the original image with reduced 

x(n)

h(n) Re H(f) Im H(f)

Re Y(f)y(n) Im Y(f)

Re X(f) Im X(f)

DF
T

ID
FT

* x

Time Domain Frequency Domain
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distortion in the image. A 2-D (2-Dimensional) FFT is applied on the digital image 

data to transform the image to Fourier domain, which is followed by the application 

of filters to eliminate or reduce distortion. To obtain a 2-D FFT data, a 1-D Fourier 

transform is applied on the rows of the entire image first and again 1-D Fourier 

transform is applied on each columns of the same image. The result is the 2D Fourier 

transform of the original image in time domain.  

X

Y 1D FT

1D FT

Step 1 Step 2

U

2D FT 

SPECTRUM 
F(u,v)

IMAGE   

F(x,y)
INTERMEDIAT

E   g(u,y)

V

U

Y

 

Figure 5 - Spatial domain to Frequency Domain Transformation using 2-D FFT 

2.3 Importance of Floating Point Arithmetic 

The Fourier transformed data is a complex floating point comprising of a real 

part and imaginary part. The IEEE-754 is a standard representation of floating point 

numbers, which is defined in four different formats: single (32-bit size) referred as 

binary32, double (64-bit size) referred as binary64 and additionally single-extended 
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and double-extended [34]. The IEEE-754 format adopts string comparison 

technique to represent the floating-point data. It is illustrated below. 

IEEE-754 Format 
 

𝒙 = (−𝟏)𝑺. (𝟏 + 𝑭𝒓𝒂𝒄𝒕𝒊𝒐𝒏). 𝟐{𝑬𝒙𝒑𝒐𝒏𝒆𝒏𝒕−𝑩𝒊𝒂𝒔} 

Where 

S is Sign bit:  when 0 => Positive and 1 => Negative 

Exponent: excess representation: actual exponent + Bias 

Bias: ensures exponent is unsigned - 2{𝐸𝑥𝑝𝑜𝑛𝑒𝑛𝑡 𝑏𝑖𝑡𝑠−1} − 1 

          for single precision, Bias = 127; double precision, Bias = 1023 

Fraction: This represents the Significand or Mantissa or Coefficient. 

A number being precise and accurate are not similar, they have significant 

differences. When arithmetic calculations are performed on hardware, they are 

almost accurate, although they aren’t perfect match to the actual value [4]. To 

achieve the highest level of accuracy, the system must be able to handle infinitely 

precise math which is improbable. However, a round-off error technique comes in 

Figure 6 - IEEE 754 Standart Cchart 
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handy to handle the almost infinite precise floating point data with errors. This is 

made sure by the Xilinx Floating Point Operator IP. 

Rounding-Rules: Rounding to the nearest value is very essential when more digits 

are needed in the significand to obtain almost infinitely precise results. There are 

different rounding methods and all of them involves truncation. The most popular 

selection is rounding to the nearest which rounds the nearest even digit in 

designated position. 

There are exceptions in the floating-point arithmetic which are discussed below: 

Zero: It is signed with positive representation (0) and negative representation (-0). 

Infinity: It is signed as well with positive and negative representation. This is the 

result from dividing non-zero number by zero. 

NaN - Not a Number: This occurs when there are invalid operations such as 

dividing zero by zero. 

Normalized Number: It is the standard floating point number with apt number 

of bits. 

De-normalized Number: The number of bits are fewer than the actual length 

with smaller in magnitude than normalized numbers. This happens when the 

exponent limits the size of numbers. 

2.4 Real-Time Image Processing System with 
FPGA and DSP 

This heterogeneous architecture comprises of two platforms, an FPGA and a 

DSP processor for image processing. To make the process simpler, the execution 

process is divided between DSP processor and FPGA. The objective of this design is 

similar to the proposed architecture, which is, to provide a real-time high 

performance image processing system that operates on large amount of complex 

data ruggedly by harnessing an effective image processing algorithm. The DSP 
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processor is opted for execution of image processing algorithms while FPGA is 

working on image sampling. The reason of choice for FPGA is their flexibility and 

parallel processing system. FPGA is the control unit that governs data process and 

DSP. To demonstrate the effectiveness of the architecture, a real-time model is 

created that collects images form CCD camera and forward it to the image 

processing system.  

The CPU consists of 32-Bit General-Purpose Registers and 64-Bit External 

Memory Interface (EMIF) [9] The CCD camera sends frames of captures video to 

Video encoder, which is converted into YUV 4:2:0 format (data is encoded to lessen 

the resolution for image processing). These encoded image data are decoded at the 

video decoder system and stored in SDRAM. The TI DSP processor, TMS320DM642 

perform image processing using DSP algorithm and processed data is encoded by 

the video encoder. FPGA is here for image sampling and controlling the data. All the 

devices are connected to each other using EMIF (External Memory Interface). The 

flash memory is used to store the data from FPGA. The data transmission among 

ports is carried out using I2C bus interface. The encoder is capable of producing any 

format of data such as RGB, composite types PAL or NTSC or HD component. The 

block diagram represents the model of this processing system: 
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Video
Encoder

DSP 
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Video
Decoder

Display
CCD 

Video 
Camera

 

Figure 6 - Block Diagram of Real-Time Image Processing System [9] 

The frames are displayed by the FPGA on the output device. The design 

claims to show no notable variations when its functionality was tested by running 

Sobel Edge Detection algorithm on the design. This design serves as an ideal model 

introduction of powerful FPGAs like Zynq-7000. The current FPGAs are low-cost 

and more efficient than the DSP processors combined with FPGA. The System On-

Chip (SoCs) makes it possible to run programs and interfacing with port on a single 

chip. It contains all essential hardware peripheral and interfaces such as 

microprocessors, I/O logic control, analog to digital converters, on-chip memory 

and other essential components. They are proven to be most flexible platforms for 

system reuse [31]. 

2.5 FFT Hardware Accelerator 

A Cordic based FFT architecture design implementation proves the 

performance of reconfigurable hardware accelerator is more efficient than MAC 

based implementation [20]. Each butterfly operation needed 19 clock cycles to 

perform FFT on 16-bit width data while vectoring operation was 17 cycles and finally 



14 
 

 

for computing N = 128 point FFT it takes 10,690 clock cycles [36]. When compared 

the result with the software based implementation, there was slight error in accuracy 

because of round-off errors [36]. But this design was implemented on very old Xilinx 

device.  Another implementation of the same design showed that un-scaled data had 

smaller and uniformly distributed than the floating-point data [20]. The input data 

is divided by 64 to avoid overflows and the final result is retrieved by multiplying 

the output by 64. Whereas in the un-scaled version of Cordic design adopts inherent 

scaling where the input is divided by 8 and final value is scaled down to1 64⁄  [20]. 

The software simulation of MAC implementation and Cordic based FFT were 

compared, the Cordic based implementation had relatively less error but were 

slower than MAC implementation [20]. The Cordic based butterfly design 

implemented on re-configurable hardware proved that it is more suitable for fixed 

point data. 

 

FFT 64 Scaling
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64
 

𝑥

64
 

𝑥
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𝑥
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2
 

1

2
 

FFT 64 no-scaling
 

Figure 7 - Scaled Version of FFT and Unscaled Version of FFT [21] 

2.6 FPGA based Accelerator 

FFT are effective algorithm for image encryption as the image in frequency 

domain is easier for image compression and encryption. And recently FPGAs have 

become more likable in the field of Cryptography over traditional processor because 

of their exceptional nature such as bitwise operations and integer computation [15]. 

A dedicated hardware accelerator is designed to perform the Schönhage–Strassen 

algorithm, a multiplication algorithm for large integer data which is used in 

Homomorphic encryption. The Homomorphic encryption is implemented on FPGA 
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and GPU and results are compared. The FPGAs showed two times higher 

performance than GPU. 

FPGAs are also effective platform to implement other digital processing 

algorithms. The gradient-method is an important edge detection operation to detect 

the object of study which implemented on FPGA has shown beneficial results. This 

algorithm is useful when the imaging system is detecting objects when it is in motion 

or moving loads on Earth’s surface. The Sobel gradient algorithm is used to detect 

the edges by highlighting the gradients and comparing the amplitude with the 

original image. Sobel algorithm is a differential based approach where the 

diffraction process on original image gives the output for edge detection [11]. The 

operating frequency of the design is 27MHz. 

2.7 CPU vs GPU vs FPGA  

Central Processing systems can consist of single or multiple cores that are 

optimized for sequential processing, with more recent architectures allowing out-of-

order execution. These platforms are general purpose and allow different 

applications to execute. Graphical Processing Units GPU are on the other hand 

specialized processor to speed up the deep learning, analytics and other compute 

intensive portions of the applications in software. GPUs have thousands of cores and 

are massively parallel architecture that can process data simultaneously. Field 

Programmable Gate Arrays (FPGAs) are chips that are reconfigurable and the 

algorithms are implemented in hardware. 

FPGA’s and GPU’s are widely used in the high performance embedded 

computing systems. FPGA delays are more deterministic and gives order of 

magnitude less that GPU’s.  Power utilization of FPGA makes it suitable for low 

power design such as battery dependent cameras to capture and process the images. 

GPUs are power hogs, recent designs of GPU’s are providing GPUs that have burns 

less than 10Watts. 
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FPGA parallel processing systems are ultra-fine grained reconfigurable 

system with dedicated hardware to run application specific task addition with 

pipeline execution for the depending processing system [37]. While GPUs make use 

of coarse- grain parallelism. The use of smaller subcomponents (fine-grain) of larger 

component for arithmetic operations offer better parallel execution than large 

subcomponents (coarse-grain). CPU and GPU are more suitable for low-cost and 

effortless system but not best options for real-time processing and run-time re-

configurability. 

FPGA designs are implemented in pipeline that breaks up the tasks and 

execute them concurrently, which speeds up the throughput. The table below is the 

throughput of each platform’s output of execution of image processing algorithm for 

White-Light Interferometry (WLI) application [37]. The WLI calculates the surface 

height of 3D objects by capturing them in a sequence of frames, equidistant to the 

surface in orthogonal fashion. This process involves two steps: preprocessing and 

demodulation. The process is implemented in three different platforms and the 

results were compared. 

 

Figure 8 - Comparison of Throughput on different platforms [37] 
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The parallel processing nature of FPGA make them potential competitor for 

GPU. FPGA parallel processing systems are ultra-fine grained reconfigurable system 

with dedicated hardware to run application specific task addition with pipeline 

execution for the depending processing system [37]. While GPUs make use of 

coarse- grain parallelism. The use of smaller subcomponents (fine-grain) of larger 

component for arithmetic operations offer better parallel execution than large 

subcomponents (coarse-grain). CPU and GPU are more suitable for low-cost and 

effortless system but not best options for real-time processing and run-time 

reconfigurability. 



18 
 

 

3 Chapter 
Experimental Setup 

The following chapter explains the overall proposed architecture and its 

components. The design is prototyped on Zynq 7000 series FPGA, the 

implementation details are also elaborated in following sections. 

3.1 System Organization 

The organization of this project has functionally proportioned in two halves: 

primarily the real-time data is stored in to Block Memory and Fourier transform is 

applied using FFT for image processing and the second part is dedicated for 

processing the calculation of error correction value with the given mathematical 

equation. 

 

Figure 9 - Overall System Organization 
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The data is distributed among multiple client nodes and the error calculation 

is performed on multiple slave nodes in parallel. The design is implemented on Zed 

Board, and an SPI interface is used to communicate between Client and the Server. 

The overall design has three main modules: 

1. Server 

2. Client 

3. SPI communication protocol 

The server module comprises of two important components, the internal 

Block memory (BRAM) and FFT component for performing Fourier transform on 

the data. Since the Programmable Logic (PL) itself has the BRAM on chip, an 

external interconnect to the Processing System (PS) is not required. The Client 

module consists of multiple slave nodes to which the server sends the processed 

image. At the client side, the data is distributed to each slave and arithmetic 

operations are performed on the data by the slaves. For the data transmission 

between client and server, SPI (Serial Peripheral Interface) is used. The schematic 

structure of the architecture is shown below and each module and their functionality 

is disused in detail in the following sections. 

3.2 Server Module 

 The server module is responsible for storing the real-time data and 

processing the data to Fourier domain and sending it to the client nodes. It has two 

main components: 

1. Block Memory (BRAM) – Internal memory 

2. Fast Fourier Transform (FFT) component – Image processing 

tool 
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Figure 10 - Schematic diagram of Server Module 

3.3 Memory Management 

In most embedded designs based application there is a requirement of 
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it can be used as a two 18 Kbits (2 x 18) BRAM or single independent BRAM (1x36) 

Kbits. The PL allows the flexibility of combining multiple BRAMs that can have 

custom data width and depth. It has synchronous write/ read operation. That means 

for each memory access, write and read operations are controlled by the system 

clock. The block diagram below shows the standard input and output pins for a 

single port block memory. The input, data, address and write enable (wr_en) signals 

are registered and no action takes place without a clock. This Block memory that is 

fully automated generated by Block Memory Generator (BMG). If the enables are in 
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Figure 11 - Schematic diagram of Single-Port Block RAM 

In this mode, the input data and data output are driven simultaneously, 

which gives the advantage of writing and reading data on the same port. The BRAM 

can also be initialized using memory coefficient (. COE file).  

 

Figure 12 - Block Ram (BRAM) customization 
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3.4 Customizing FFT IP Core 

The Xilinx LogiCore IP for Fast Fourier Transform (FFT) exercises Cooley-

Turkey algorithm to execute DFT on the samples [43]. The samples here are the pixel 

values of the image under study. The FFT IP is customized according to the 

requirements of this design and it is run-time configurable that also accommodates 

real-time operations. The only downside to this IP is that it facilitates only single-

precision data. We would like to extend the precision level to binary64 in the future 

work. The schematic below shows only the enabled signals that are used in this 

design whereas the IP Core offers even more signals for more flexibility. 

The first thing before customizing the IP is we have to decide on the 

architecture needed for the whole process and the size of the sample data. This helps 

us to decide quickly on the transform length and number of channels desired for the 

response time. For the prototype model, I chose a transform length of 8 and hence 

single channel is sufficed to accomplish this task. Pipeline streaming architecture is 

preferred as I require samples streaming through the core continuously. The Radix-

4 Burst I/O is chosen when input taken and processing are asked to do separately 

and has smaller butterfly but it takes greater transform time. The pipeline streaming 

architecture had more resource utilization with high throughput. The basic clock 

frequency is set to 250MHz and the Throughput here is self-assigned. The FFT core 

allows intake of single precision data and hence the first 32-bit data are considered 

to be real and later is considered as imaginary parts. 

The output order from the FFT is not similar to as the input order of the 

samples and hence Bit-Reversal must be performed and thanks to version 9.0 that 

provides the option of Bit-Reversing that performs by itself. The FFT algorithm itself 

reorders the sampled data in natural order to bit reversed order while undergoing 

the transformation process. 
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Figure 13 - FFT IP Core Schematic [43]        

For the above customization, an 8 DSP48 Slices of resource is utilized with 

transform cycle of 77 and latency 0.308. The butterfly operation is performed on the 

CLB logic instead of DSP slices for better speed and 3-multipler structure is used to 

enforce complex multiplication. The floating-point format output of FFT is sent to 

the client side where the error correction calculation is performed. 

The following figures show the FFT IP core customization windows in the 

Vivado design Suite. The first window shown is the configuration window that allows 

the designer to choose the number of channels, transform length and architecture 

choice. The second window is the implementation of FFT, where the data format, 

and throttle scheme as real-time are selected. 
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Figure 14 - FFT IP customization 
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Figure 15 - Schematic diagram of Client Module 

3.5 Communication System 

Serial Peripheral Interface (SPI) is an interface bus used for simple and 

efficient data transmission between multiple hardware peripherals. It has a server 

side or Master connected to client side or Slave among multiple devices. The entire 

system is controlled by the master i.e the master talks to any slave device but the 

slaves can only talk to master. It is full-duplex system running in Master-Slave 

mode. The SPI bus has only one master but multiple slaves on the same interface 

bus. A select line enables the slave that is selected the master. In this design requires 

only one slave, so the slave select signal stays idle. SPI has separate lines for data 

and clock to keep both sides running synchronously. Hence it is a synchronous 

communication protocol.  

Master is responsible for generation of bus control and synchronizing the 

communication signals. Slave just follows the Master’s commands. 
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Figure 16 - Schematic diagram of SPI Interface 

The FPGA communication method is configured into two types according to 

the clock source [38]: Active load mode and Passive load mode. During active load 

mode, the FPGA controls the system. It generates clock and reads memory. Whereas 

in passive load mode, the process is controlled externally. The clock is generated by 

external processor and commands are given by the external processor. 

The standard SPI Interface signals are: 

1. SCK – SPI Cloclk 

2. MOSI – Master Out Slave In 

3. MISO – Master In Slave Out 

4. SS – Slave Select 
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Figure 17 - SPI Communication Signals    

Sck, serial clock for SPI module, the data transmission depends on this clock 

and controlled by Master. Master Out Slave In (MOSI) and Master In Slave Out 

(MISO) signal is responsible for carrying the data from Maser to Slave. While MISO 
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data written that eventually updates the read pointer as data is going out. This helps 

to inform on the FIFO status such as if it is full, empty and when data is valid to be 

read. It also has almost full and almost empty flags that helps in monitoring the data 

flow and is optional. 
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Figure 18 - FIFO operation 

The Xilinx FIFO generator is a high-performance and area-optimized design. 

The wr_en or write enable signal is mandatory input for signaling the FIFO to start 

writing the data from the memory queue.  
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Figure 19 - Schematic diagram of FIFO Core [44] 
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It also had rd_en or read enable signal that is also asserted by the user to 

command the FIFO to read data in the buffer. It has some additional flags like 

wr_ack, which acknowledges that write request is successfully executed after wr_en 

is high.This is a Native Interface FIFO which is customized to utilize Block RAM. 

The data_count works like a counter that is asserted by the hardware indicating 

number of samples available for reading from FIFO. 

3.7 Finite State Machine 

Finite State Machine (FSM) is a sequential logic circuit with finite number of 

states that has decision making logic. It is the digital system whose output logic (and 

new state) is controlled by the input and the present state. State is the condition of 

the circuit at a particular clock period. The state is represented by a binary value 

stored in a register called state register. The present state block stores all the 

information needed about its past input history in state registers to determine its 

current output and next state. The common memory element used is D flip-flop. 

Following block diagram represents a synchronous FSM system: 
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Clock

 

Figure 20 - Finite State Machine Logic 
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The next state logic is the function of logic and state vector that determines 

the next state of the system. For each clock event, the combinational logic updates 

the next state value in the state register and that becomes the new present state 

value. The output is the result of two sets of inputs, input and present state, fed into 

the combinational logic. The feedback from the present state is fed into the next state 

using signals or variables. The recommended option is to use signals. For this design 

a fully synchronous FSM is implemented.  

3.8 Field Programmable Gate Array (FPGA) 

Field Programmable Gate Arrays (FPGAs) is array of programmable logic 

blocks with configurable I/O logic blocks (CLBs). It comprises of Input/ Output (IO) 

blocks, interconnects, switches and memory elements. The programmable 

interconnects connect the input and output to CLB using wires.  
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Figure 21 - Field Programmable Gate Array (FPGA) 
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The customizable integrated circuits combine logic blocks and memory element that 

executes design in combinatorial and sequential logic. Xilinx and Altera are the 

major FPGA producing companies in the market. They are dedicated followers of 

Moore’s law, which state that the size of semiconductor device should reduce for 

every 18 months. This design is implemented on Xilinx Zedboard, a low cost Zynq-

7000 model. The advantage of implementing this design on FPGA is flexibility, 

better computing efficiency than DSPs and faster response time.  

3.9 DSP48E1 Slices 

DSP48E1 Slices on Xilinx FPGA are used for signal processing applications 

that implement custom and fully parallel DSP algorithms with high acceleration. 

There are total of 220 DSP slices available on Zynq FPGAs.  

 

 

Figure 22 - DSP48E1 Slices [32] 
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The logic unit has a multiplier that is connected to a pre-adder. The designer 

can choose to execute the DSP algorithm on CLBs or DSP. When a design needs 

more resources than that are available on CLBs, some operations can be offloaded 

on DSP slices. 

3.10 VHDL 

The FPGAs are configured using Hardware Description Language (HDL) and 

Verilog and VHDL are the common HDLs. This design is programmed in VHDL. 

VHDL follows dataflow model, which allows both sequential and concurrent 

systems. It can handle parallel execution with multiple instances. 

VHDL strictly follows IEEE standards that was initially designed based on 

IEEE 1076 standard. Over years it kept revising the standards with adding new 

features every time and presently IEEE 1164 (IEEE.STD_LOGIC_1164.ALL) 

package is used. There are other packages that are used in the design based on the 

design requirement. 

In the architecture design, the components that assemble to for the entire 

design is specified. HDL design entity specifies the statement declaration. An entity 

has one architecture but the entity can be shared by multiple architectures.  In 

Synthesis, the hardware description is converted in to set of components that are 

assembled and netlist is generated. Timing analysis the delays due to length of the 

interconnects, electrical loading, etc. are estimated, which helps in performing 

timing analysis. The design is verified prior to synthesis. The design is tested using 

a simulator like Modelsim, Isim or in this case Vivado simulator. 
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Figure 23 - VHDL Design Flow 

3.11 Vivado Design Suite and Simulator 

The Vivado is developed targeting to achieve accelerating high level design 

for which the design implementation completely on PL side also contributes. The 

new HL system edition and design edition offers advanced tools that supports c-

based designs and various optimization tools. It has IP (Intellectual Property) cores 

that can be reconfigured and reuse during runtime and design with maximum 

optimization. For example, in this design FFT IP core, BRAM, Floating point 

arithmetic IPs are used. 

3.12 Zynq-7000 

 It has Program Logic (PL) and Processing System (PS). Generally, the design 

is implemented on the processing system but the advantage of using Zynq-7000 
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system on ship is that the PL, the programmable logic provides signal processing, 

control logic, data communication and device interfaces, timing and display that are 

essential for an FPGA design execution. Zynq – 7000 SoC offers the flexibility of 

designing and performing on PL. When entire logic is run on PL side, which means 

offloading task from PS, accelerates the performance and provides better timing 

results. It has its own memory element which helps in reducing the integration of 

PL with PS for limited memory design. The design is implemented on two boards, 

one acting as the master and the other is a slave. SPI protocol is used as 

communication interface among the boards. Zedboard is a development kit for 

implementing designs which has Xilinx’s all programmable SoC, Zynq-7000. The 

board is best suitable for prototyping and testing for proof of concept development. 

 

 

Figure 24 - Zynq 7000 SoC Architecture [40] 
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3.13 FFT operation 

The Fast Fourier Transform (FFT) IP core makes it easier to design the 

architecture for the designer. It offers several customization options for transform 

length, phase factor value, number of channels with type of implementation 

architecture like Pipelining, Streaming and Radix-2 and Radix-4. The only 

disadvantage is that it doesn’t support double-precision data. And hence FFT is 

performed on single precision data. 

3.14 Memory Operation 

 The digital image transformed to frequency domain by applying FFT is 

initially stored in the Block Memory (BRAM) and hence there are four different 

parameters (I, Id, H and Hd) that contribute to the error cancellation equation, four 

BRAMs are used. Since the IP core supports only single precision data, the FFT 

operation is performed separately for maintaining the precision. Zedboard has two 

18Kbits of memory that stores four digital image values of each parameter on their 

respective BRAMs. The BRAM customization is as follows: It is on write first mode 

and is always enabled. The data width and depth are 128 and 4 respectively. The 

FIFO IP core itself provides a data width conversion that converts the two 64-bit 

consecutive data in to one 128-bit data. The data depth is also reduced into half, in 

this case the data width is 32, which is reduced to data width of 16. This is very much 

similar to concatenation. In case a customized concatenation process is required, 

the incoming data can be converted into array of data and use the “&”, concatenate 

symbol to combine data. But this way it becomes more complex because the 

concatenation process requires concatenation of two consecutive data and pass on 

the process to next set of consecutive data. But the design end up concatenating in 

sequential method resulting in concatenation of same data twice with different 

pairs. 
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3.15 SPI Controller 

The Zedboard contains total of 200 IO pins and hence the double precision 

complex floating point number which is of 128 bits is broken in to two parts of 64-

bits and fed into the design. The Xilinx provides in-built SPI interface but for this 

design we need a data width of 64-bit input and output. And hence customized for 

64-bits SPI interface design is built for implementation. 

3.16 Clock Generation 

The frequency of SCLK (SPI Clock) is defined by system clock and clock 

divider (clk_div). The system clock is a synchronous clock and clk_div is necessary 

for determining the relative speed for clock transistion. It is determined by an 

integer value and number of clock periods is given by: 

𝒇𝒔𝒄𝒍𝒌 = 
𝒇𝒄𝒍𝒌

𝟐 𝒙 𝒄𝒍𝒌_𝒅𝒊𝒗
 

The SPI of Zedboard is 10 to 100MHz. If we are implementing using 

Zedboard SPI we do not need to consider a separate clock generator. Since we are 

designing a custom SPI for supporting 64-bit data transmission, clock divider is 

used.  

3.17 Integration 

Integration is also a small contribution to the implementation. The SPI 

master and Slave are integrated with the arithmetic operation part. The input data 

FFT data is given into SPI master input, which transmits to SPI slave through 

interface bus. Since they are 64-bit data and input to arithmetic operations is 127-

bits, the data are stored in FIOF. From FIFO using array declaration and latched, 

the data are concatenated to form 128-bits, which are fed to arithmetic operation. 

The entire process is controlled by Finite State Machine (FSM). In here, the data are 
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stored in BRAM. The BRAM distributed the data to respective floating point 

arithmetic: multiplication operation is performed on Id and H. Since they are 

complex numbers, the equation is further optimized and divided into real part and 

imaginary part. The Id and H is now divided to real part Idr, Hr and imaginary part 

Idi and Hi. Similarly, I and Hd are divided into Ir and Hdr for real part and Ii and Hdi 

for imaginary part. This helps for easy multiplication operation on complex number. 

I and Id have no imaginary data value and hence the imaginary part for I and Id are 

always 0. The square of H and Hd are carried out by simple multiplication of two 

same data. The FSM decides what process to execute on which clock cycle. Theses 

floating point multiplied values are fed into floating point subtraction and addition 

components. Finally, error vale is calculated by dividing the difference of (Id * H) 

and (I*Hd ) with the sum of magnitude square of H and Hd. The output obtained is 

64-bit data. 
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4 Chapter  
Simulation & Result Analysis 

4.1 Project Summary 

 The schematic of the elaborated design is shown below. The signal flow from 

each component can be seen in the schematic. The control signals from Master and 

Slave can be seen between components 1 and 2. The FIFO is used as the buffer for 

temporary storage of data. The control signals are asserted by the user and at the 

output end, the status is displayed by the signals. When the  

 

Figure 25 - Schematic of Overall design 
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4.2 Resource Utilization 

 The following bar chart and table show the percentage of each resource 

utilized by the design and total resources available. The chart shows that 170 

DSP48E1 slices of total 220 slices were used in the design. There are total of 140 

BRAMs on the programmable logic (PL), of which only 11 are used for the prototype 

design, which means there is stuffiest memory for storage of more digital image 

data. There are 53200 number of Look up tables available on the PL and 17400 of 

LUTRAM. It can be seen in the table that the total input output (IO ports) is 200. 

This is the reason the data is broken into two halves before they are given to the 

input. The BUFG are the clock buffers that are available on the Xilinx boards. They 

are for the Global Clock and GCLK is the pin that is specifically assigned for Global 

Clocks. 

 

Figure 26 - Chart representation of Post Implementation resource utilization 
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Figure 27 - Post Implementation resource utilization  

 

Figure 28 - Implementation of Design on Board 



41 
 

 

4.3 Timing Analysis for FFT 

A data frame of 8 samples are given as input to FFT. The output from FFT is 

a combination of real value and imaginary value. The FFT IP itself has the Bit Re-

ordering option, which output the data frames in the order that it was given as input. 

In case, the designer does not need the Bit Re-Order sequence, the output can be in 

natural order. But the natural order sequence takes few more clock cycle to process 

than Bit re-order sequence. 

 

Figure 29 - Waveform of FFT operation 

  

  

It takes two clock cycle for FFT execution of each pixel. One clock cycle is 10 

ns and hence for execution of one pixel, it takes 20 ns. For a stream of 8 data frame, 
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it takes 8*20 ns = 160 ns. The real value and imaginary value of FFT output is sent 

separately for mathematical operations. 

4.4 Timing Analysis for BRAM 

To save the utilization of IO ports the initial 128-bit data is portioned into 

two halves of 64-bits and given as the initial input to the design. The initial input is 

a real value of digital images (Pixels) and the following input is the imaginary part 

of the same data. The data is first written into memory with the option of Write-first 

mode. This process is initiated by enabling the wr_en (write enable) signal by 

asserting 1 by the user. Once all the data are written into the memory, the process 

done is raised high indication that the writing into the BRAM is completed and it 

can be read from by the other processes.  

 

Figure 30 - BRAM Simulation result 
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 The data from BRAM is read  the next process in the read cycle. As the data 

is reading, it is transmitted to the FFT process. The FFT process needs a frame of 

data and hence a buffer is used to hold the BRAM data until 8 data samples are ready 

to give to FFT process. Since the input, address, wr_en and output are registered 

and the data is updated for every clock cycle. 

4.5 Timing Analysis for SPI 

 The data from Master and Slave is transmitted according to the SPI clock 

(SCK). For every SCK, one bit data is sent to the slave devices. For a 64-bit data of 

real or imaginary value, it takes 64 clock cycles to write into the next state. For one 

real or imaginary value, it takes 1 x 64 = 64 clock cycles. 1 clock cycle = 10 ns. It takes 

64o ns for each data transmission. 

 

Figure 31 - SPI data transmission simulation result 
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4.6 Timing Analysis for Overall Design 

 The following simulation waveform shows the total time taken for the entire 

execution process.  

 

Figure 32 - Simulation result of Overall design 

The overall design includes reading and writing into Block memory and 

applying Fast Fourier transform on the pixel vales then distributing the Fourier 

transformed data among four slaves through SPI interface and calculating the error 

equation at the server nodes and getting the final output of error correction value. 

The writing into and reading from BRAM and processing in FFT core is controlled 
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by the FSM (Finite State Machine) and at the server node the error equation is 

calculated. 

The following table is the time taken for finite state machine and error 

equation to process pixels varying from 1 to 1048576. The FSM process controls the 

process of data writing into memory and reading from the memory and data is fed 

into FFT component. It takes total of 1510 ns for an FSM to complete. The error 

equation takes 1490 ns per pixel. This is the same case for 4 pixels as the data are 

distributed among 4 slaves, so it takes 1510 ns for each pixel to complete the FSM 

and 1490ns for processing the error correction equation. 

 

Number of Pixels 

 

Finite State 

Machine 

 

Error Correction 

Equation 

1 1510 ns 1490 ns 

4 (2 x 2) 1570 ns 1490 ns 

16 (4 x 4) 6280 ns 5960 ns 

256 (16 x 16) 100480 ns 95360 ns 

65536(256 x 256) 386560 ns 274760 ns 

(1024 x 1024) 
1048576 

1583 ms 632360 ns 

 

Table 1: Timing Analysis for execution of each state 
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4.7 Timing Analysis Comparison 

 The following chart shows the timing analysis for processing pixels ranging 

from 1 to (1024 x 1024) to complete each process. It is compared with a system with 

no distributed network to this system of distributed networks. 

 

Figure 33 - Timing analysis comparison for FSM 

 In the figures 33, the blue bars represent the time taken to complete a FSM 

process by a system with distributed network and the red bars represent the time 

taken to complete the same process by a system without distributed networks. It can 

be seen that the time taken to complete processing of 1 pixel by each system is same, 

which is 1510 ns. For processing of (2 x 2) i.e. 4 pixels, it takes 6040 ns for a system 

without the distributed system while it takes 1570 ns for this system. As the number 

of pixels are increased, the time taken to complete FSM process by each system 

shows huge difference. This design distinctly takes less time to complete the FSM 

process that the system with single processing unit. 
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Figure 34 - Timing analysis comparison for Error Correction Equation 

In the figures 34, the blue bars represent the time taken to complete the error 

correction calculation process by a system with distributed network and the red bars 

represent the time taken to complete the same process by a system without 

distributed networks. It takes 1490 ns for both the systems to complete the process 

of error correction calculation. For a processing the same task on (4 x 4) i.e. 16 pixels, 

it takes 5960 ns for the original design but it takes 1490 ns for this design, which is 

one quarter of time taken by the original design. This is because the tasks are spread 

among the four servers in the distributed networks. For computing error equation 

on 16 pixels, the original design takes 23840 ns but when the task is distributed 

among multiple devices, it takes 5960 ns to complete the same task. This clearly 

shows that the distributed network is more efficient. 
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5 Chapter 
Conclusion 

 Calculating the error correction equation of real-time image data on 

hardware has better speed and efficiency compared to other platforms. FPGAs are 

effective digital image processing hardware accelerators that are run-time 

reconfigurable with high-speed parallel execution which makes them a reasonable 

choice for this application. The ability of the FPGAs to connect in a network topology 

and spreading out the computational tasks among the hardware achieves better 

execution time. 
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6 Chapter 
Future Work 

The ability to provide robust implementations is very important aspect to 

create high quality processing system in real time which needs high data 

transmission rate. The SPI Interface transmits data bit by bit taking n-clock cycles 

for n-bits. This is a bottleneck which I want overcome by employing a better data 

transmission interface. I want to investigate on other efficient communication 

modules like PCI Express (Peripheral Component Interconnect Express) that is able 

to transmit a complete sample in one clock cycle. PCI Express is a high-speed serial 

interface bus that has high throughput and better scalability. 
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